ABSTRACT Waveguide slot array antennas can have high gain, since the power distribution network (waveguide) has low loss, enabling a large aperture size. Rapid response to requirements for frequency, gain, and skew angle inspired a search for an alternative to conventional, commercial slot array acquisition. The solution to this requirement is high-resolution 3-D printing of modified slot arrays combined with metal plating. Modification of the structure included removal of wall material in regions where these openings would not cause radiation, opening the structure to enable metal plating while not affecting gain. A 3-D-printed slot array requires no further assembly, unlike conventional waveguide-based arrays that require soldering or brazing, block machining, or plate assembled, brazed structures. Stereolithography 3-D printing of plastic slot array antennas, modified to enable metal plating, has been used to produce a 30 dBi realized gain slot array at 21 GHz for under $1000 USD in a few weeks. Metal plated, 3-D printed plastic slot arrays are also very lightweight in comparison with conventional metal structures. Performance of 3-D printed, metal plated slot arrays has been shown to be identical to conventional metal structures at frequencies up to 22 GHz.
I. INTRODUCTION
Waveguide slot array antennas can have high gain since the power distribution network (waveguide) has low loss, enabling large aperture size. Microstrip patch arrays in comparison reach a maximum gain (around 30 dBi) before loss in the microstrip feed network significantly reduces gain with more patch elements and larger aperture [1] . Operation frequency for slot array antennas typically ranges from a few GHz up to 100 GHz. Waveguide wall current for the fundamental TE 10 mode is shown in Fig. 1 , along with a diagram of slot placement for a radiating waveguide slot array. Broad and narrow wall arrays are possible. Radiation phase and amplitude of each slot is controlled by placement and orientation [2] .
Historically, slot array antennas have been created using commercial waveguide with standard sizes, typically half wavelength width and quarter wavelength height at a given design frequency. Waveguide can be machined and soldered or brazed. Custom waveguide dimensions are possible, but at significant additional expense. Slot arrays can also be made from brazed, machined plates and sheets, or machined or Electrical Discharge Machining (EDM) cut from blocks of metal to create both the waveguides and slots [5] . Another technique uses lamination of plates to build structures including waveguide feed, coupling apertures, and slots [6] , [7] .
FIGURE 1. Slot Array Radiates by Interrupting Transverse Wall
Currents [3] , [4] .
Millimeter-wave frequency structures have been built and tested using this technique. Using standard waveguide to design a slot array can limit performance if the frequency of antenna operation differs significantly from the waveguide center frequency. For example, if the frequency nears cutoff, the array length must physically grow with guide wavelength. Use of custom waveguide dimensions allows optimum performance for a given array size limit and frequency.
A key disadvantage of slot arrays compared to patch arrays is relative complexity of manufacturing. Substrate integrated waveguide (SIW) arrays are an alternative, but dielectric loss is a consideration [3] . Air filled slot arrays have good efficiency since they suffer neither unintended radiation loss nor dielectric loss. Slot arrays have relatively narrow bandwidth of operation, down to a few percent due to waveguide dispersion. Additional bandwidth can be gained through use of corporate waveguide feeds that inject signals at several places in the array. These networks guarantee equal phase at the injection points regardless of frequency.
II. CONVENTIONAL SLOT ARRAY DESIGN
An example of conventional slot array design is shown in Fig. 2 . The design procedure starts with a program called SWAN (Slotted Waveguide ANtennas) [8] that outputs a two-dimensional DXF design file. Solidworks [9] is used to turn this 2D design in to a 3D model. This model is imported in to Ansoft HFSS (High Frequency Structure Simulator) [10] and/or CST (Computer Simulation Technology) [11] for analysis. Once the design performance is verified, the Solidworks model can be used to create design files for manufacturing.
Rapid response to requirements for frequency, gain, and skew angle inspired a search for an alternative to conventional, commercial slot array acquisition. The basis for comparison is years of procurement experience from commercial sources where customized slot arrays have typically cost on the order of $10k USD for a high-gain, 1 ft. × 1 ft. array, and delivery time has typically been six months. These apertures are also combined for additional gain, with an additional cost multiplier. The narrow bandwidth of slot array operation means that multiple antennas are required to cover large frequency bands. The ability to produce a custom slot array quickly and inexpensively can either directly address a single requirement or provide a means of rapidly prototyping a design intended for large-scale production. Conventional slot arrays were manufactured using soldering of copper and aluminum dip brazing to compare performance with 3D printed arrays. Performance was nearly identical -in some cases the 3D printed arrays were actually better. Between machining and follow-on manufacturing steps, time and expense was much higher for conventional array manufacturing than 3D printing complete array designs.
In terms of demand for high-gain slot arrays, requirements for frequency ranges, beam shape, aperture size and shape, and gain are always specified. Use of commercial waveguide restricts the design trade space and performance when operation frequency is not in the middle of the band of a particular waveguide size. Additionally, the feed waveguide must always be custom since the spacing of array waveguides must be one half of a guide wavelength. Compromises have been made historically to utilize much less expensive commercial waveguide sizes. Use of 3D printing frees the designer to make every array specifically optimized since dimensional changes do not change cost.
III. 3D PRINTING INNOVATION

A. CONCEPT
The solution to this requirement is high resolution 3D printing of modified slot arrays combined with metal plating. Solidworks or similar 3D design programs can be used to export an STL (Stereolithography) format design file that can be used directly for 3D printing. The 3D printed plastic model can then be metal plated. A 3D printed, plated slot array requires no further assembly other than attachment of a coaxial connector. Waveguide-based arrays require soldering or brazing. Block-machined arrays require multiple machining steps. Plate and wall-assembled arrays require brazing. Stacked plate arrays require diffusion bonding. A review of current literature shows that other groups are applying 3D printing to the manufacture of precision waveguide structures [12] , [13] , horn antennas [14] , [15] and simple (single waveguide) slot arrays [16] , but these structures have been made in disassembled form to enable plating or manual painting with conductive material. Laser cutting of 3D printed waveguide has been used for the manufacture of a simple slot array (one waveguide), but the work presented here is the first example of 3D printing entire slot arrays including all internal and external slots, and waveguide feed, modified in such a way that the entire array can be plated without disassembly. The first plating step is room temperature electroless nickel plating. This step provides the conductive layer necessary to enable electroplating. Electroless plating followed by electroplating has proven high performance. Measured 3D printed arrays consistently had gain that was very similar to both metallic arrays of identical design and HFSS simulation. From an RF point of view, a plastic part plated with multiple skin depths of metal operates identically to a solid metal part.
Commercial 3D printing operations produce excellent quality, inexpensive parts. The antennas are plated with about 2 mils (50.8 microns) of copper externally, and inside there can be regions where the thickness is reduced to 10-20% of this thickness. That means there is a minimum of 5.08 microns of copper everywhere. At 5 GHz, that's 5.49 skin depths of copper, adequate for the metal plated structure to function essentially the same as a solid copper structure. Current density decreases exponentially as distance divided by skin depth, so at 5 GHz, in the regions of the antenna with the thinnest copper, that's e −5.49 = 0.004. Skin depth decreases with frequency (cut to 0.463 microns at 20 GHz), so this effect is further enhanced at higher frequencies. Metal plating thickness is meanwhile thin enough to be disregarded mechanically i.e. the additional thickness does not affect design parameters enough to be considered. The plating process has significant flexibility to meet RF performance requirements. Meanwhile, the plastic structure is relatively inexpensive, and significantly lighter than a solid metal structure.
The 3D printed antennas are washed in fresh alcohol and cured with UV light. The ceramic filled stereolithography (SLA) resin chosen for its stability and stiffness is very opaque to UV light, so it is difficult to post cure the resin with a UV light oven. These resins do thermally cure at elevated temperature or in longer time at room temperature. Parts that are properly cleaned and cured will result in more uniform deposition of nickel and subsequent copper over all surfaces. In addition to SLA, the MultiJet 3D printing process can also produce precise objects, but the support material used cannot be removed to the extent required to enable uniform nickel and copper plating. The arrays presented here use SLA 3D printing followed by thorough cleaning and curing. The resins used for SLA 3D printing of the slot array antennas presented here included DSM Somos Nanotool and Accura 25. Somos in particular uses a ceramic filler that makes it more rigid and stronger than some other choices, though it is also more brittle and dense, making parts heavier. The relatively low Coefficient of Thermal Expansion (C.T.E.) of these resins also enhances metal plating success. Plating of all slot arrays was performed by RePliForm Inc. in Baltimore, MD.
Initial 3D printed slot arrays used commercial waveguide sizes and a conventional, enclosed structure. This allowed direct comparison to conventionally produced slot array antennas using commercial, metallic waveguide. Conventional slot arrays centered at 12.7 GHz and 18.4 GHz were manufactured based on WR-62 and WR-42 commercial waveguide, and these structures were soldered (copper) and brazed (aluminum). The width of the feed waveguide determined the array frequency since each radiating waveguide must be exactly one half guide wavelength apart for a resonant array. Simulation compared to conventional construction and 3D printed, plated structures all had very similar performance.
Waveguide end caps were left open on the plastic 3D printed structures to accommodate supplemental anodes for the plating process. Platinum coated titanium wire, insoluble in the plating process is pulled through the waveguides to enhance fields in internal cavities. That way, internal and external surfaces are both plated completely. A successful slot array created with this technique is shown in Fig. 3 . End caps were attached using silver epoxy after the array was plated. The first failure of the metal plating process using a 3D print occurred due to a closed shorting plane at the end of a WR-90 waveguide-based slot array. Metal did not adhere to the inner surface near the shorting end cap. It was not possible to use a supplemental anode in the close-ended structure. Fortunately, the same model was also 3D printed with both ends open. A half guide wavelength was added so that copper tape could be used to form a shorting plane equivalent to the quarter wave short in the initial model. The additional half guide wavelength and flange replaced the quarter-wave shorting cap. Shorting this flange plane is equivalent to the quarter-wave shorting plane since open and short planes repeat every half guide wavelength. The open structure allowed complete plating. The open-ended, metal plated, 3D printed conventional slot array is shown in Fig. 4 along with a CST computer simulation of the radiation pattern at the design frequency. At this point the 3D printed, plated structure was a copy of a conventional, metallic part.
B. STRUCTURAL MODIFICATIONS TO ENABLE PLATING
Since electroplating depends on electrostatic fields, deep, ''blind'' holes do not plate properly. Success depends on absolute depth, not aspect ratio, i.e. distance from outer surface to plating target. It is perhaps counterintuitive that a 1 mm wide, 2 mm deep pocket will plate more successfully than a 3 mm wide, 3 mm deep feature. Even though WR-90 has large dimensions, the distance to the quarter-wave shorting plane was too large to allow successful plating. This leads to a non-intuitive improvement in plating success at higher frequencies, corresponding to smaller dimensions. While 3D printing resolution will eventually limit the upper frequency due to feature detail limits and surface finish, plating will be increasingly easier at higher frequencies.
Application of supplemental anodes resulted in higher cost and complexity in the plating process. This problem was solved by modifying the slot array mechanical structure. This is the key innovation presented in this work. Opening holes and slots in regions that did not interrupt transverse wall current allowed access for metal plating using a single electrode attachment point. Material can be removed from any region where transverse surface current is minimal. Single electrode attachment for plating requires much less labor. The openings did not radiate or otherwise affect array performance. Wall current magnitude for the TE 10 mode is shown in Fig. 5 .
Reference [18] explains that the electromagnetic field in a waveguide has an associated current distribution on the conducting walls. If a narrow slot is cut such that the long dimension runs along a current line or along a region of the wall where the current is zero, it produces only minor perturbation of the current distribution and therefore very little radiation. Example radiating and non-radiating slots are shown in Fig. 6 . Slots 'c' and 'e' do not radiate. Just such a principle is used to make a waveguide slotted line [19] .
By creating non-radiating slots, the 3D printed, plastic slot array structure enables metal plating by exposing interior surfaces. Examination of TE 10 mode current density explains the location of the holes and slots used to enable plating.
VOLUME 4, 2016
With the transverse waveguide coordinates x and y, top and bottom wall current density for rectangular waveguide is given by [20] 
And side wall current density is given by
Since β 10 = 2π λ g , according to (2) , notches can be added to the side walls every half guide wavelength and at end walls. In resonant structures, these notches are located at field and current minima. Center-line slots can be added on the top and bottom walls (x = a 2 ) without causing any radiation since according to (1) , transverse (x) current is minimized. Additionally, transverse current across the center line is directed symmetrically inward or outward, so that a symmetrical slot along the center line produces no radiation even if nonzero wall current density is encountered. This fact can be demonstrated by substituting x = a 2 ± δ where δ is offset from the center line.
Negative δ current is positively directed in x and vice-versa. Only slots offset from the center line radiate.
Slot sizes can be tested in simulation with openings widened successively until performance is affected. Wider openings provide better access for plating. Experimentally, unmodified and opened structures had effectively identical gain characteristics. When skew angles are implemented in the E and H plane, the feed waveguide and each array waveguide is terminated with a matched load. In this case the slot array is no longer a resonant structure. The RF waves are traveling (not standing) both in the feed and in the array. Current density maxima and minima are no longer fixed in location in all cases. The minima along the center line remains since the traveling wave is TE 10 , so the center-line slots remain open to optimize plating on the inside surfaces of the waveguides.
The first slot array produced by 3D printing with additional holes and slots operated at 10.7 GHz, and used WR-90 standard waveguide dimensions. A rendering and picture of the completed structure is shown in Fig. 7 . The performance of the enclosed structure shown in Fig. 4 was nearly identical to the opened structure.
Functionality of this piece in particular is counterintuitive and surprising. One can look in at the exposed coaxial probe through openings in the structure. Meanwhile, gain is not reduced compared to a fully enclosed structure with radiating slots alone. This model proved the concept of enabling metal plating of 3D printed plastic slot array antennas in their final, usable form. No open end caps or supplemental anodes were required to create this array. Direct progression from a computer model to a plated plastic part that is a working array is a new result. All arrays described here had gain within Using 3D printing instead of conventional metal manufacturing allows complete customization with no additional cost. The 3D printed arrays that have been produced during this effort would be very expensive to make by conventional means. Additionally, waveguide dimensions can be chosen arbitrarily with no additional cost of manufacturing, allowing optimization at any design frequency. Since 3D printing cost is based on plastic volume and dimensions, mechanical complexity produces no additional cost of manufacturing. In fact, additional holes reduce plastic volume and can even reduce 3D printing cost compared to a traditional, fully enclosed structure. Design changes are as simple as modification of the computer mechanical drawing. A modified design can be simply exported in STL format and re-printed and plated.
So far slot arrays have been 3D printed, plated, and measured at frequencies from 10 to 22 GHz, with gain up to 40 dBi. The largest 3D printed slot array produced as part of this effort to date is 2ft. × 2ft. Gain measurements show excellent agreement between simulated, theoretical performance and measurement of fabricated structures.
The high aperture efficiency of slot arrays due to low loss enables this result. Modifications to the mechanical structure to enable metal plating have shown no adverse effect on antenna gain compared to unmodified structures. Two slot arrays at 12.5 and 21.5 GHz are shown rendered and pictured in Fig's. 8 and 9 .
These structures were electroplated with a single electrode attachment point, significantly reducing plating cost -three antennas were 3D printed for a total of $1500 USD and all three were metal plated for $388 USD. These new structures also avoided the labor of supplemental anode creation, silver epoxy attachment of end caps, and the manufacturing cost of metal end caps. The evolution of 3D printed slot arrays was as follows: 1. Copy conventional slot array designs using commercial waveguide sizes. 2. Try holes and slots in an X-band single array. 3. Utilize custom waveguide dimensions, enabling optimization of specific frequencies.
The key change in thinking comes from 3D printing. Any design of arbitrary mechanical complexity, optimized for metal plating that one can create on a computer can be inexpensively printed and plated, going from concept to operation in weeks instead of many months, and for a few hundred to a few thousand dollars USD compared to tens of thousands.
C. SIMULATION AND MEASUREMENT
Experimental measurement of antenna gain patterns has so far very closely matched simulated results as shown in Table 1 . Simulated and measured results for the single WR-90 waveguide array shown in Fig's. 4 and 7 is shown in Fig. 10 .
Simulated and measured antenna gain for the array shown in Fig. 8 is shown in Fig. 11 . Simulated and measured antenna gain for the array shown in Fig. 9 is shown in Fig. 12 .
Comparison of HFSS simulation of ideal Perfect Electric Conductor (PEC) structures to 3D printed, copper plated arrays proves the utility of the technique. Structurally modified, 3D printed slot arrays effectively achieve custom antenna requirements. Multiple structures have been designed and manufactured in a fraction of the time and at a fraction of the cost of previous developments.
IV. FUTURE DEVELOPMENT
Degradation of antenna performance was not encountered due to surface roughness or dimensional tolerances of SLA 3D printed and plated antennas at 21 GHz, where λ/100 is 140 microns. Print resolution using SLA is on the order of 25 microns, so one might expect degradation of performance above 100 GHz due to 3D printing resolution limitations.
For narrow operation bandwidth (a few percent), a resonant slot array can have a simple design with a single feed waveguide. The bandwidth limitation is apparent when comparing the shortest RF path in the array to the longest path in the structure (coax input to nearest slot versus furthest slot). Moving away from the design frequency changes the waveguide wavelength, and thus a phase advance between slots is produced. A waveguide corporate network applies RF at multiple points on the array. A corporate network with two stages will have four outputs with guaranteed phase equality regardless of frequency. Such an array has been designed and 3D printed. The 1 × 1 ft. array gain is 34 dBi at 18.5 GHz. A design drawing and rendering of the corporate network-fed array is shown in Fig. 13 . Slots are cut in to the corporate feed waveguide and septum splitters so that the entire assembly can be 3D printed as a single unit and successfully plated with a single electrode. Also shown in Fig. 13 is a planned combination of four of these arrays used to increase gain by an additional 6 dB. The 2 × 2 ft. array has 16 feed points. The corporate feed increases the bandwidth of the 2 × 2 ft. array by a factor of 6.5 compared to using a single waveguide feed.
The cost of the first corporate fed 1 × 1 ft. array was $1800 USD for 3D printing and it was delivered in five days. It has been plated and will be tested. This array can be compared directly to those noted earlier from commercial sources with a $10k USD cost and 6 month delivery time. The expected gain of the four element array (2X2 ft.) is more than 40 dBi at 18.5 GHz. Similar to the arrays printed so far, only a coaxial connector needs to be bolted on to use this array. Most importantly, the significant increase in structural complexity comes with minimal increase in manufacturing expensearound 10% increase in price for 3D printing. A conventionally manufactured slot array with integrated multiple feeds and power splitters would have cost many times that of a single-feed structure.
Metal plated plastic antennas are not as mechanically durable as solid metal structures. Temperature cycling experiments are planned to investigate limits and failure mechanisms. Long-term durability and range of operating temperature is unknown for the plastic slot arrays at this time. Metal printing e.g. Direct Metal Laser Sintering (DMLS) of slot arrays has also been tested. While DMLS printing does not require plating, and therefore does not rely on opening additional holes and slots, it does offer comparison of identical designs made from solid metal. The 10.7 GHz array and 12.7 GHz array printed with an EOS M290 and ALSI10MG aluminum powder are shown in Fig. 14 . The 10.7 GHz array showed performance nearly identical to the copper plated, SLA printed array (see Fig. 10 ) despite an obviously rougher surface finish. The metal printed version of the 12.7 GHz array showed less than 1 dB reduction in gain compared to the metal plated, SLA printed structure. Even lower resolution FDM 3D printing enables lower frequency (X-band) waveguide structures to be created that have reasonable performance [12] , demonstrating that increasing frequency increases demands on resolution and surface finish. Metal printed parts are mechanically stronger than metal plated plastic. The metal prints shown in Fig. 14 included wall openings to allow direct comparison to the plated plastic prints. Performance was equivalent, also verifying the RF conductivity of the aluminum alloy used for the print. Surface roughness is worse for the DMLS parts, so the upper frequency performance limit will be lower than that of SLA printed, metal plated arrays. Selective Laser Sintering of plastics such as Nylon will also be tested. The advantage of SLS is the lack of need for support material, and the use of possibly more durable and temperature resistant materials. The disadvantage of SLS is again surface finish, comparable to DMLS results.
